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THEORY AND PROCEDURE FOR DETERMINING LOADS AND MOTIONS IN CHINE-IMMERSED

HYDRODYN.AIWIC IMPACTS OF PRISMATIC BODIES ‘

BY EMANUDLSCHNITZDR

SUMMARY

A theoretical method i% derived for the determination of h
m0tW?h!3and loads during chine~mmersed w?ai%?rhw%ags of
prismatic bodti. TM method maktx wse of a WLriation of
twodimensimud dejfectid wxn!er 7n4Msover the complete range
of immersion, nwdijhw? by a correction for thrtzdimen.%mzl
ji’ow. II@atiww are simplified through omimion of the tam
proportwnal to the acceleration of i!h “iiqileci!edmcw for use in
caku.latian of loaah on hu.lii havhq moderate and hea~ beam
loading. Tlw e~ects of water de at tlk keel are in.clwded in
i!.lwe eguatimw. In or&r to make a direct compari.w-n of
theory with avperimeni, a modijicution of the egwti.ww was
md to &?Mi!Ud.ethe e$ezt of jiniz%?i!.at-cmriage m.a$s. A timple
method of computation which can be applied withoui reading
h body of this report G presented m an appendti, along with
the required theoretkd pla% for dc.?erminatien of loach and
?7L0t&VZSh chine-immersed hn4@8.

Compari.ww of theory W experimd are prewnted w plot.a
of impact lift coejicient and maximum dmft-beam ratio agairwt
$@ht-path angle and as time hi.w%ries of .kd.s and motbrw
!f’h-esecomparison cover angl.a of dead tie of 0° and 30°,
trim up to 46°, jlight-path a~lm up to 90°, and beam-ikaii~
coejliienta from 1 to 36.6. Fair qreamm.t ti 8een to tit over
thne ranges. The e0mpari80rw show in general that the con-
cept involving the two-dimen&n4rJ d@.9eted ws and a three-
dimensional-jlmv correction can be wed to predict accumz~y
the I?oaokand moth in 14zmding8of p-ri%matic bodi.a.involrnng
immerti of the chim.

/
INTRODUCTION

This report is concerned with the derivation of a method
for calculating impact loads and motions during water ltid-
ings of narrow, heavily loaded, prismatic bodies. The prob-
lem of non-chine-immersed impacts of wide, lightly loaded,
prismatic hullshas been trwted in reference 1. Comparisons
of the theoretical results of this reference with experimental
data have been made in references 1 to 4, where reasonable
agreement has been demonstrated. Although these reports
are devoted largely to the non-chine-immersed case, refer-
ences 2 and 3 estend the theory to cover impacts during
which a small amount of chine immemion is experienced.

For impacts of heavily loaded bodies involving deep im-
mersion of the chines, reference 5 suggests that the force be
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determined in two main parts: (1) a part for the hull sec-
tions having nonimmemed chines, obtained by means of the
theory of reference 1, and (2) a part for the hull sections
having immenwd chines, based on the two-dimensional
separated flow about a wedge immersed in an irdinite fluid
(ref. 6, arts. 73 to 78). Preliminary analysis based on the
equations proposed in reference 5 indicated that these
equations were inadequate for the case of 0° dead-rise angle
and @owed. some disagreement with experiment for prac-
tical immersions of narrow, heavily loaded, V-bottom bodies.

In view of the inadequacies of the procedure suggested in
reference 5, a new analysis is made in the prexmt report on
the following bask For a given transverse cross section of
an immixsing prismatic form, a unique relation is assumed
to exist between the deflected water mass (tmodimensional)
and the penetration of that section. A total d~ect~ ma=
is determined by applying this variation to all cross sections
along the hull, integrating over the wetted area, and apply-
ing an approximate correction to this integrated mass to
account for three-dimensional flow. In the absence of a
satisfactory. relation for the continuous variation of two-
dimensional deflected maas with draft through the region of
chine immersion, relationships derived from the suggestions
in reference 5 are employed. The purpose of this report is
to present this new analysis and a procedure for applyig it
in impact calculations. Experimental veriik.ation of the
theory is given.

The report is organized as follows: The differential equa-
tion of motion is derived in terms of a variation of two-
dimensional deflected water mass and a correction for
three-dimensional flow which is selected to satis~ the
condition of steady planing. A suggested variation of this
two-dimensional dailected maw with draft is given. The
general solution of the equation of motion is then presented
and modified by omitting the term involving acceleration of
the deflected mass. A computational method is indicated
for determining loads and motions in landings of prismatic
bodi~ involving appreciable chine immemion. A further
modification based on the assumption of constant forward
veloeity is made for compmison with experimental tank
impact data. Finally, comparisons with qmrimental dhta
are presented for angles of dead rise of 0° and 30°, trims
from 6° to 45°, beam-loading coefficients from 1 to 36.5, and
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flight-path angles up to 90°. A system for detwmining water
rise ,on a rectangular flat plate is given in -appendix A. In
appendix B a computational procedure is outlined which
may be used without reading the body of the report.

SYMBOLS

(Any consistent system of units maybe used)
Bobyleff’s flo; coefficient, a function of dead rise
beam of hull at chines
ratio of water rise at keel to draft, r/z

(“%)?MWimpact lift coefficient, .
-1?~q,?os
2

beam-loading coefficient, WjPgP

hydrodynamic force on hull normal to keel
acceleration due to gravity
parameter involving three-dimensional deflected

mas9
generalized draft parameter for free-body Ian&g
svetted length aldng keel
two-dimensional deflected water mass in trans-

verse plane
impact load factor measured normal to undis-

turbed -watersurface, —~

velocity-reduction parameter for free-body
landing

velocity-reduction parameter for landings in-
volving horizontal constraint

water rise at keel normal to undisturbed water
surface

vertical velocity of water ris6 at keel
distance horn foremost immersed station along

keel to flow plane
velocity of flow plane relative to float in direction

parallel to keel
acceleration of flow plane relative to float in

direction parallel to keel
*e after water contact

,

resultant veloci~ of hull
weight of airplane
horizontal veloci~ of float
imrnemion of keel at step normal to undisturbed

water surface, positive down
vertical veloci~ of float
vertical acceleration of float
angle of dead rise, radians .,
dead-rise function
flighbpath angle relative to undisturbed -water
surface

immersion of keel below undisturbed water sur-
face, normal to itself into a flow plane, positive
downward .

veloci~ of float normal to keel, &sin 7+ ~ cos ~
acceleration of float normal to keel
immersion of the keel normal to itself into a flow

plane, corrected for water rise at keel

“!
t

partial derivative of {’ with respect to time
K , approach parameter for free-body “landing,

*O Cos (T+yo)

KL

A’

P
u
T

(o(A’)

.
approach parameter for landings involving hori-

zontal constraint, tan 7/tan y.
ratio of length of keel below undisturbed water

surface to mean beam
ratio of length of keel below elevated w~ter sur-

face to mean beam
mass density of -water
hull cross-sectional-shape factor
trim (between keel and undisturbed water surface)
Pabst’s aspect-ratio correction based on X’,

()1P~ Pabst’s aspec&ratio correction based

Subscripts :
c at chine immemion
mm maximum
o at water contact
8 at step .

THEORY FOR PRISMATIC CHINE-IMMERSED

EQUATIONOF MOTION

on l/A

IMPACT

This derivation for the motion of a long, narrow body land-
ing on a smooth water surface (fig. 1) is based on the concept
that the flow occum primarily in transveme planes which aro
iixed in space and oriented normal to the keel (refs. 1 to 5).
Thus, a two-dimensional treatment with a three-dimensional-
flow or aspeckratio correction factor is made, as is usual in
the calculation of the dynamics of such bodies. The effects
of buoyancy, viscosity, and changes in trim are believed to
be very small for practical impacts and are neglected, As
in references 1 to 5, therefore, the reaction in a given flow
@ne of length ok (@. 1) is defined in terms of the momentum
of the fluid as

“ (1)

where mu ok is an equiv~ent deflected m.w of fluid and t is
tie normal velocity of the body. The total hydrodynamic
force on the body is then obtnined by integrating equation
(1) over the wetted surface and applying the correction for
@ee-dimensioned flow P(x’) (hereinafter designated three-
dimensional correction):

(2)

Assuming that external forces, such as the wing lift force in
the case of senplanes, are equal and opposite to the weight
and applying Newton’s second law to equation (2) as in
references 1 to 5 leads to the following differential equation
for the motion normal to the keel during impact:

.
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This basic equation of motion can be solved speciflcdly, pro; 8ELE,CIIONOFTHREEDIMENSIONALDEFLEcTEDM.&%3

tided that mwand q(~’) are known. Although this equation

may not hold for accelerated motion at very large (Minite) The three-dimensional-flow correction q(h’) and the two-

immersions, it is believed to apply over the practical range of dimensional deflected mass % will be defined and evaluated
impacts. before the procedure for solving equation (3) is presented.
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Determination of three-dimensional correction,-The
three-dimensional-flow correction to be used in this report
was determined empirically by Pabst in reference 7 and is
given by the quation

“=[41’’2(1--)‘4)
which is plotted in figure 2. The value X’ is taken as the
ratio of the length of keel below the elevated water surface
to the mean wetted widti (see @. 1). The hydrodynamic
aspect ratio ?trfor a rectangular flat plate is therefore m-
repressedby the equation

(5)

where 1is the length of keel below the elevated water surface
and b is the beam of the body at the chines.

For a V-bottom prismatic body the waw rise at the keel
is neglected so that A’= X and ~,=~, (see @. 1). The
‘{lateral” water rise as shown in @ure 1(b) at flow plane 1,
and discussed in reference 2 is, however, taken into account
in determining the mean wetted width. On this basis, the
ratio of the wetted keel length to the mean wetted width is
found to be

1.
‘=tan 7 f(p)

or

‘=-k%d

(&* tan ~

b– 2 )
(6)

( )
$>* (7)

where

f(/3)=;-l (8)

and B is the angle of dead rise.
A aztain measure of the suitability of equations (4) to (8)

can be obtained by considering the case of steady planing.
For this case (~=0), equation (2) reduces to

(9)
.

Ii order to consider this equation further, the resumption is
made that the two-dimensionaldeflected-mass ratio defined
as m.JI# is a function of only the crow-sectional shcLp13of
the body and the ratio of normal draft to berpn; that is,

‘ (10)

where p is the mass density of the fluid and u is the cross-
sectional-shape factor. On the basis of this assumption and
the substitution ds=d(f cot r) =d(f’ cot 7) (see fig. 1),
equation (9) may be written

J$7(X’)}* ‘V*.= , dmw

(11)
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where %, is the two-dimensional deilected water mass
which in seaplanes is associated with the flow plane at the
step. Solution of equation (11) for ma; and ditilon through
by pb2to render the equation nondimensional gives

mm, FMtan 7 .
—=$lY(x’)ppbzp Z)*

(12)

In order to investigate this equation, use has been made of
high-speed, experimental planing data (refs. 8 wd 9) ob-
tained at the Langley tank no. 1 with prismatic forms
having angleaof dead rise of 0° to 40°. When the right-hand
side of equation (4) is substituted for p(x’) and the axperi-

,mental data of references 8 and 9 are substituted into
equation (12), the factor m,/pb2 is found to be essentially a
function of only the angle of dead rise ~ and the ratio of
normal draft at the step to beam t’,/b, or

(13)

This result substantiates the assumptions of equation (10)
and rdso demonstrates the validity of the three-dimensional
correction expressed by equations (4) to (8), for the case of
the V-bottom prism.

Two-dimensional. defleoted mass.—lh the abserice of a
theory covering the continuous variation of two-dimensional
deflected mass with draft over the complete range of immer-
sion, the two separate variations dggested in reference 5 are
combined in this report to give a single mass variation with
draft, This variation is selected as follows:

(1) Sections prior to chine immeision:
I?or non-chine-immersed sections the deflected mass is

generally taken as the virtual mass, which is deiined herein
as the apparent additional mass observed during accelerated
motion. In references 10 and 11 theories are available for
determining the variation of virtual mass with draft for non-
chine-immersed impacts. These theories have been checked
experiment+y for the prismatic V-bottom form and that of
reference 10 was checked also for the scalloped-bottom form.
For cross sections of arbitrary shape, the variation of the
twodimensional deflected mass maybe obtained from refer-
enco 3, 10, or 12. However, experience has shown that, for
small transverse concave curvature, the mass variation may
be approximated by an average V-shape. The same approxi-
mation is believed to be equally valid for small convex
curvatures. The tin-dimensional-mass variation for a
V-shape is

772.=+ [f(p)]’ (14)

which is taken from references 1 to 3 and is based on Wagner’s
work. Substitution of f! for ~ in this equation to take water
rise at the keel into account gives

(15)

which is to be used aa the detlected mass prior to chine im-
mersion of each section. Chine immemion is herein assumed
to occur at the intersection of the chines in a given flow plane
with a plane parallel to the undisturbed water surface and
passing through the intersection point of the keel with the

~ctual water surface. The draft-beam ratio at chine im-
mersion is

(16)

The two-dimensional deflected mass at this instant therefore
becomw

(17)

(2) Sections subsequent to chine immersion:
For infinite immersion of the chines, a variation of two-

dimensionaldeflected maaswith draft maybe derived from the
theory of Bobyleff (ref. 6, arts. 73 to 78). However, no theory
is believed to be a~ailable on the variation of two-dimensional
deflected mass for moderate chine immetion. In the ab-
Bence of a single accurate deflected-maw variation over the
entire range of immersion, a composite deflected mass is
su&ested which is composed of the deflected mass present
at the instant of chine immersion plus a deflected mass which-
is derived from Bobyleff’s theory. For irdiu.iteimmersions,
Bobyleff has shown that the force per unit length on a two-
dimensional V-shape of ilnite width b traveling with constant
normal velocity j’ (point foremost) is

.&=’l? ; (j-’)2b (18)

where B is a function of the angle of dead rise and is given iu-
&ure 3. This force is assumed to be equal to the rate of
change of momentum of an equivalent deflected mass;
that is,

2?.=$(m.~)

=(?)**
where constant velocity is assumed. Thus, from equations
(18) and (19),

&&B ~ b (20)

which & this report is taken as the variation of deflected
m= with draft subsequent to chine immersion. Integrating
h iind the change in deflected mass subsequent to chine
immemion A% gives

Amm=B ~ bJ;:dl’

=B ; b(~’– ~’0) (21)

The total two-dimensional deflected mass subsequent to chine
immemion is found by adding to this expression the de-
flected.maw at the instant of chine immemion. If this latter
miw-sis aswumedto be given by equation (17), the total mass
becomes

prb~
~ U@) ~ IT+B $ b’mW.—

($’-%) ’22)

For prismatic hulls of arbitrary cross-sectional shape w-here
the variation from a V-section is not great, approximate
values of m. are believed to be obtainable through substitu-
tion of equivalaut V-sections for the arbitrary sections. The
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FIQUFLE3.—Variation of flow coefficient with angle of dead rise (ref. 6, arta. 73 to 78).

angle of dead rise would be determined b-y obtaining an
average angle of dead rise for the arbitrary section.

For the case of 0° dead-rise a@e, equation (22) reducks to

mw=pb2 (:+0.44 $) (23)

Equations (15), (22), and (23) are to be used in the solution
of equation (3).

METHOD FOR SOLVING EQUATION OF MOTION INCLUDING
COMPUTATIONAL CHARTS

GENERALTRBAT~

The hworporation of the aspecbratio correction q(x’) and
the deflected mass% into equation (3) permits solution of the
equation by numerical methods. A large saving of time may
be effected, however, by solving the equation partially by
analytical means to reduce it to a form convenient for graphi-
cal integration. This reduction is given here, with equation
(3) restated fit for convenience:

The discussion following equation (10) substantiates the
assumption expressed by that equation that the two-
dimensional deflected mass for a given hull is a function only
of the draft normal to the keel; that is,

From figure 1, 8=& Differentiating this relation gives

d8=$& (26)

Substitution of equatione (25) and (26) into equation (3)
gives

For impacta with deeply immersed chines, howwvor, the
water rise at the keel r (see fig. 1) is generally small com-
‘pared with the draft and is approximately constant for the
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greater drafts. Therefore, its derivative with respect to
time + approaches zero at th~e drafts, making ?, which is
equal to ~+i sec T1 approach ~. In this derivation, then, ? is
aemunedequal to t, whereby

“2(s+-f=m’) & ~““’’m’$+tm=”)(28)
and, after integration of the first term on the right-hand side,

1 i%(i’)g%,
\ [1++ dA9J~m. ds =– W tan T

(29)

Rewriting equation (29) in terms of the coordinate system
referred to the water surface is done by means of the following
substitutions (see fig. 1):

t=~Cos T

~– ~ itanT
Cos T

f’=A
cop T

where .3 is taken equal to O because of

(30a)

(30b)

(30C)

the assumption of
frictionless flow and no external force, and i is therefore a
constant. When these substitutions are made, equation (29)
becomes

~[l+g#~m.~8]=-(~-~s~ ,~g$~ (30

Rearranging the terms and integrating both sides with
respect to z gives

which can be written

Aftm the integration of the left-hand sidehas been performed,
the following equation expressing the velocity as a function
of the draft is obtained: ,.

If for convenience the left-hand side of equation (34) is

denoted by Q (~, x), and if dz as obtained by differentiating

equation (3oc) is substituted into the righ~hand side, the
following equation remdts:

Since, from equation (24), mw,=~(t’,), a multiplication by
d~’,ldl’. is performed inside the integral to give

Equation (36) can be expressed in terms of nondimensional
quantities through multiplication of the right-hand side by
pF/pb3; after substitution of equation (26), the following
relation results:

Since Q, which denotes the lefkhand side of equation (34),
contains the velocity ratio Z/&, equation (37) represents,
ii.mdly, the relation between this velocity ratio and the ratio
of normal draft to beam ~’~b.

The relation between the nondimensional acceleration
5b/# and the nondimensional vertical-velocity and draft- -
beam rat;os is determined through similar nondimensionaliz-
ing of equation (31), which results in tie equation

Equations (37) and (38) can be used to calculate the
variation of acceleration and velocity with draft during
.

.
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fixed--him impacts tivol~ appreciable chine immersion.
In order to effect specific solutions of these equations, the
variables making up the equations are presented in the form
of computational charts, some of which are described in the
next paragraph An indicated method of computation
follows.

The variation of Kwith YOis gk-en in fib-e 4 for v@oti
trim angles. The lefhhand side of equation (34), designated
as Q in equation (37), is plotted against K for various vahws
of ;Ik in figure 5. The-ratio d~Jd~. in equation (37) i9 the
keel water-rise factor which in reference 13 was shown to be
substantially independent of fligh&path angle and therefore
capable of be~m evaluated from planing data. For the
rectangular flat plate, a large quantity of experimental
planing data is available from which this factor can be
computed. An analysis based on these planing data and
giving the wetted length and the keel wat~-rise factor
dr,—=% for landings of flat plates is presented in appendix
df’, dh
A and the results are plotted in figure 6. l’or the case of
finite dead rise this factor has not been fulIy evaIuated, but
since it is believed to be close to unity (no water rise), it is
assigned that value in this report for aJ@es of dead rise
greater than 10°. For angles of dead rise smaller than 10°,
use of the keel mater-rise factor d~,/d~’. for the flat plate
is sugge9tede

In order to obtain specific solutions of equations (37) and
(38) in the forms shown for flat or V-bottom prismatic
bodies, the following procedure is Sugg=ted: The variation of
%, with ~, may be obtained from equations (15) and (22)
and figure 3, from equation (23) and figure 3, or from eWeri-
mentd planing data with the aid of equation (12). This
m- variation may be substituted into the integral in the
denominator of equations (37) and (38) and integratecL
analytically or graphically. The aspect ratio k’ may be
determined from equations (5) to (8) as a function of the
ratio of normal draft to beam (1’ is taken equal to Afor a hull
with dead rise). For a flat plate, I?in equation (5> is related

to the norrmddraft (see fig. 1) by the equation Z=&. The

variation of P(_A’)with A’ may then be obtained.from iigure 2.
The variation of d~,/d~’, WY be obtained from figure 6 (b)
for angles of dead rise smaller than 10° and is taken as unity
for angles of dead rise of 10° and greater. After these
quantities have been substituted into equation (37), it can be
integrated graphically to yield the variation of Q with
Y,/b. The variation of #& with Q may be obtained from
figure 5 after selecting a due of K from figure 4; thus, the
variation of 2/% with ~,/b may be established. A value of

Zb/& can then be obtained for each value of ;/~ through
substitution of the derived quantities into equation (38).

The ratio of vertical’ draft to beam can be found from tho
ratio of normal draft to beam by means of the equation

(39)

wher&tJ1’, is assumed to be equal to A/A), which may be
obtained from five 6 (a) for angles of dead rise smaller
than 10° and is taken as unity for angles of dead rise of 10°
and greater. For the case of 0° dead rise, equation (39) can
also be written

(40)

The variations of accebration and velocity with d~tzftm
obtained by use of equations (37) to (40) allow design
maximums to be established. For calculating structural
response, time historiw are desirable. From the relations
dz=; dt, d2=2 dt, and &= V. sin YOa time coefficient may

be derived which is defined by either of the following equa-

tions:

(41)

where V. is the initial resultant velocity at contact, Graphi-
cal integration of either of these equations allows the draft-
time relation to be established. It should be noted that the

integrand of the @at equation beco~ea infinite for -&O

(maximum draft), whereas the integrand of the second equa-

tion becomcw inlinite for ~=0 (water contact and water

tit). It is, therefore, expedient in obtaining the time varia-
tion to make use of both equations in the following mctmer.
The time increment from water contact to some draft less
than the mtium is obtained from the first equation. The
time increment including the maximum dmft is obtained
tim the second equation, and the final time increment to
water exit is obtained from the tit equation. Appropriate
limits of integration must of course be substituted for those
giyen in these equations.
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[SIMPLIFICATIONTHROUGHOMISSIONOF ACCRLRRATTONTEEM

In order to reduce the labor required to make solutions
for specitic l~ding impacts, a simplitimtion was effected
which does not seriously reduce the accuracy of these solu-
tions for practical landing configurations. From equation
(28) it is evident that the hydrodynamic force is composed
of two terms, one proportional to the square of the velocity
normal to keel and the other proportional to the acceleration
normal to the keel. For impacts involving beam-loading
coefficients greater than 1 and appreciable chine immersion,
the ratio of the acceleration term to the velocity-squared
term is usually smidl. This acceleration term is therefore
omitted from the equation of motion, with the result that
equation (37), which relates the velocity and draft, is reduced
to

which may be written

Q+ (42)

where

Omission of the acceleration term fivm equation (38), which
relates the acceleration, velocity, and draft, reduces it to

(43)

Thus, a simpliihtion of the numerical calculation is made
possible through the introduction of additional computa-
tional charts. One such chart (fig. 7). shows the variation
of k with r’,/b for various trims and angles of dead rise. For
the flat plate (0° dead rise), k was evaluated by graphical
integration after substitution into equation (42) of equations

(4), (5), and (23), where Z=&, and of the ratio d~,/dr’,

from figure 6 (b). For the case of iinite dea”drise, k was
similarly evaluated after substitution into equation (42) of
equations (4), (6) to (8), (15), and (22) for finite dead rise,
where dr,/dt’, was taken equal to unity. A second chart.
was constructed from the variation of the part of equation
(43) designated as J, where

J_?(A’) ‘%
Slnrp

(44)

and is plotted against r’,/b for various trinis and angles of
dead rise in figure 8.

In order to obtain specific solutions of equations (42) and
(43), a computational procedure has been set forth in
appendk B. This procedure is somewhat like that outlined
for treating equations (37) and (38) and the labor for each
solution has been considerably reduced.

EXPERIMENTAL VERIFICATION OF THEORY

hiODIFICATION OFTHROItYTO PRRMITCOMPARISONWITElEXPHRIMRNT

The theory developed in this report covers free-body
landings in which the velocity parallel to the keel is assumed
to be constant during impact. The only available experi-

ment~ data that were usable for vtication of this theory
however, were obtained ‘during an investigation of con-
strained models at the Langley impact basin. In these tests
the model was mounted on a catapulted carriage in such .a
way that the model was free to move vertically but was
constrained to move with the carriage in a horizontal
direction. Since the &rriage yas several times as heavy as
the model, the forward velocity of the carriage-model com-
bination remained approsimately constant. In order to
compare the theory of this report with the available data,
it was necessary to modify the equations so that the velocity
~mponent in the horizontal direction, instead of the mm-
ponent in the direction parallel to the keel, was cimsidered
constant during impact. The equation of motion was then
solved by a procedure similar to that used in deriving the
proposed free-body theory with the following results.

The equation relating the velocity of the body to its
draft, which is comparable to equation (37), is

where
5.’

and
tan r

‘~=tan Y.

The equation relating the acceleration of the body to its
veloci~ and draft, which is comparable to equation (38), is

Specific solutions for impacts may be obtained with these
equations as was done with equations (37) and (38). The
value of QL can be obtained from figure 5 in place of Q
when KL is substituted for K.

!I%e omission of the force term arising from acceleration
of the deflected mass is handled as in the derivation of the
free-body theory and leads to the following equations which
are similar to equations (42) and (43): Equation (45), which
relates velocity and draft, is reduced to

and e’quation (46), wk”ch reIates the acceleration, velocity,
and dm$, is reduced to

Specific impact solutions of these equations maybe obtained
as was done in appendix B with equatiom (42) and (43) for
the free-body case.
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COBIPARL90NWITH TESTDATA

Theoretical curves, usable for actual landing-khpact
calculations; arepresented in figures 2 to 8 arilwere discussed
in detail in the previous sections. The succeeding figures
present comparisons of experimental data, obtained at the
Lax@ey impact basin, with the proposed theory modified for
constant forward velocity.

Several theoretical variations of impact load -factor,
vertical veloci~, and vertical displacement with time are
compared with experiment in figures 9 and 10. The qqmi-
mental data in these plots were obtained at the Langley
impact basin, and, although a portion of these data is un-
published, the rest may be found in references 13 and 14.
In figures 9 (a) and 9 (b) are presented theoretical and experi-
mental load-factm time histories of landings of a flat plate
for a wide difference of trim and flight-path angle and for a
beam-loading coefficient of 18.8. Fair agreement exists in
each case. ,

An indication of the agreement between theory and experi-
ment at the upper limit of the flight-path angle is given in
figures 9 (c) and 9 (d). These figures present theoretical
and experimental load-factor time histories for water landings
of a flat plate having a beam-loading coefficient of 18.8 at
triti of 6° and 15° for the end-point case of a vertical drop
(flighbpath angle of 900). Fair agreemerit is also obtained
in these iigures.

In order to demonstrate the effect of neglecting the force
term arising from the acceleration of the deflected mass,
figure 9 (e) is presented for the landing of a flat plate with a
midium beam-loading coefficient of 4.36, at the lowwt trim
fol

(n)

(b)

which data were &milable. The difference between the

two theoretical lines plotted illustrate the effect of neglecting

this acceleration tbrn. The higher line represents the solu-

tion. with the deflected-mass acceleration neglected, and @t

maximum acceleration the diikence betieen the two theo-

retical curves is seen to be about 10 percent. The de-

flected maas used in the acceleration term may possibly

be overestimated here. If the cylindrical virtunl wr@

mass based on the beam as a diameter (ref. 2) wore
used instead, this difference of 10 percent would be some-
what reduced. The experimental data fall somewhere be-
tween the two cirves, but no conclusion is drawn from this
fact since &e possible errors in the experimental dnta nre
estimated to be of the order of magnitude of & 0.2g.

The eflect of water rise at the keel is demonstrated in
figure 9 (f). This effect k greatest for small immersions and
is therefore important for lightly loaded plates for which
maximum drafts in impact are sm@l. The upper curve
includes the effect of water rise at the keel and the lower one
does not. For plates with medium loading, consideration
of this water rise increases the theoretical maximum load
by about 9 percent and increases the initial rnte of load
“application, so that the time to maximum load is reduced.
As in figure 9 (e), the experimental data fall between the two
theoretical curves up to mtium acceleration nnd the same
reservation concerning accuracy holds. It might be ment-
ioned that the acceleration data presented in this report havo
a time lag wtich is estimated to be appro.sinmtely 0.006
second. If this also is taken into account, the theory
including tiater rise in figure 9 (f) would give better agree-
ment with the experimental data up to maximum load than
the theory omitting water rise.

24 I J I I I I I I I I I
Theory for ccmstont forward velocity .

Wtih water rise at keel, no acceleration term
–:–––– No vmtef rix at keel, no accelsmliwI tsrm ‘,0

1.6
—.— Wtih wutsr rise at keel, with acceleration term / -1

Expw”mentol data o >
.

❑ Refwence 13 t

/ : 0 00~ ‘
,

.8
.%
c

g /
so

(c) (e)

u
~
z

.

: 1.6
g

()
n

~ ~ — — — ~
i Y

o 0 <) o 1~

4“ -
J

(b) (d) (f)

0 sM .08 J2 J6 20 .0 D4. .08 J2- J6 o 04 .08 - -,12
l-ii, Sec l%ne, SW Time, sec I

Sample time history. 7=6°; 70=2.1°; (c) Sample time hfstory. T= 6°; 70=90°; (e) Effect of acceleration. 7=9°; W= 8, 12°;
& =2.9 feet per second; C.= 18.8. ?o=9.4 feet per second; CA= 18.8. A= 6.06 fmt per second; CA= 4.36.
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~@Jl?E 9.— Comparisons of theoretical and espenmental impackload time historim for flat plate.
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Figure 10 (a) presents time histories of impact load factor,
vertical velocity, and draft for an impacting flat plate having
a beam-loading coe.iiicientof 18.8. The effects of neglecting
the acceleration of the deflected mass and water rise at the
keel are again shown here, in addition to the effect of a large
carriage mass. Comparison of the th~reticd curve9 for
freo motion and constant forward velocity iu@ates that
the large test-carriage mass, which causea the horizontal
velocity to approach a constant value, increasestbe maximum
load factor for this case by about 3 percent. The increase.
becomes considerably larger for the higher trims. The effects
of carriagomass, acceleration of the deflected mass, and water
rise at the keel on vertical velocity and draft are seen to be
small.

In figure 10 (b), time histories of impact load factor, ver-
tical velocity, and draft are presented for an impact of a
hull with an angle of dead rise of 30° and a beam-loading co-
cd%ciontof 18.8. The small effect of acceleration of the de-
flected mass may be noted by comparing the two curves
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fa=7.7 feet per seoond; %=9.4 feet per second;
CA=18.8. C.=18.8.

FIGURE 10.—Comparkms of theoretical and experimental impaot
time historka for 0° and 30° angles of dead rise.

and the experimental data on each plot of this figure. The
agreement between the theoretical and experimental hull
load factors would be improved if the aforementioned 0.005-
second time lag were taken into account. A similar time
lag exists in the vertical-velocity data and, although the
exact value of this lag is unknown, it haa been roughly
estimated at 0.005 to 0.01 second. If this lag were taken
into account, the agreement’betmeen the theoretical and the
experimental velocity would be considerably improved. If
more were lmown about the water rise at the keel for the float
w%h dead rise and if a better variation of two-dimensional
deflected mw ware available,. the agreement would
probably-be further improved. Thus, from figures 9 and 10
the agreement between theoretical and experimental time
histories is seen to be fair.

The variation of impact lift coefficient with fight-path
angle for wide ranges of trim and beam-loading coefficient
is shown in figure 11 for 0° dead-rise angle and for fligh~
path angles up to 21.5°. The experimental data in this figure
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were obtained at the Langley impact basin and the published
portion may be found in reference 15. Fair agreemcmt is
seen to exist between qwriment and the theory that in-
corporates water rise at the keel, omits. the acceleration
term, and rusmmesconstant horizontal velocity, at least for
bmm-lortding coefficients greater than 1. For beam-loading
coe.ftlcients 1sss than 1, the effects of acceleration and of
fright-path anglti on the deflected mass might intiduce
noticeable errors.

Since fair agreement was demonstrated between theoreti-
cal rmd experimental flat-plate landing accelerations for
flight-path angles up to 21.5° in figure 11 and for the end
point of 90° fligh~path angle in iigures 9 (c) and 9 (d), the
proposed theory is. believed to be applicable for all tight-
patb fmgle9. “

The variation of hpact lift coefficient with flighbpath
angle for an angle of dead rise of 30°, a beam-loading ccdi-
cient of 18.8, and a wide range of trim is presented in fi&e
12. The solid curv= represent the Sugg-ted theory for con-
stant forward velocity including water rise at the keel and
neglecting the acceleration term, with df,/d{’, taken as 1 for
the body with dead rise. The dashed lims axe calculated
from the theory of reference 2, which predicts the occurrence

‘ of masirnum ‘load at the i.ristaatof chine immersion for im-
pacts involving deep immersion of the chines. Each of these
curves experiences a radical change of slope and shape at a
certain critical flight-path angle for each trim and beam
loading. For flighbpath angles below thiq critical value,
maximum load occurs piior to chine immersion. For a short
range of flight-pati angles immediately above this critical
value, mtium load is believed to occur at or near chine
iminemion, and for high flight-path angles, maximum load
occurs subsequent to chine immersion. Since the variation
of deflected mass with draft is diflerent before and after
chine immersion, a break in the curve is ~ected to occur
at the point of chine immersion. In figure 12 a comparison
of the two theories with experimental data from reference
14 shows that for impacts involving a w&U degree of chine
immersion the theory of reference 2 gi-res better results, at
least for low trims, whereas for impacts involving deeply
immemed ch.bm the agreement with the theory wyggested
in this report is better. This disagreement of the suggested
theory with experiment for small degrees of chine immersion
when dead rise is present could. be improved through use
of a more accurate deilected-mass variation in the region of
chine immersion. The general agreement between the experi-
mental data for bodiw with dead rise and the proposed
theory, however, is seen to be fair, even for small amounts
of chine immersion where the theory is conservative.
‘ The variation of maximum draft with flight-path angle is
presented in @me 13 for angl~ of dead rise of 0° and 30°
and for several fxims and beam loadings. The general

agreement with data from the Langley impact basin, tho

published portion of which may be found in references 14

and 15, is seen to be fair. This agreement indicates that the

theory ‘of the present report could be used in conjunction

with the method of reference 16 to compute pitching-moment

time histories during landing impacts.

CONCLUSIONS

A method has been derived for the analytical detmrninn-

tion of the motions and hydrodynamic loads in chine-

immersed water ladings of prismatic bodies. Comparison of

this theoretical work with other available theory and with

mperimental data obtained at the Langley impact basin

has led to the following conclusions:

1. In general, the concept of a two~ensional deflected

mass with a correction for three-dimensional flow can bo
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USCCIto predict with reasonable accuracy the loads and mo-
tions during landings of prismatic bodies involving immersion
of tlm chines.

2. Use of Wagner’s virtual-mnw variation for non-chine-
immersed sections combined with a deflected-mass varia-
tion obtained from Bobykdl’s solution after chine immersion
of these sections, with level water as a boundary, gives fair
agreement with experiment for deep impacts.

3. For shallow impacts at the lower trims, involving slight
chine immersion of bodies with dead rise, the virtual-mass
variation suggested in NACA TN 1516 gives better agree-
ment with e.speriment than the proposed variation.

4. The effects of water rise at the keel in the case of a
flat plate and the effects of the ratio of test-carriage mass to
model mass in the general case are signilkmt enough to be
included in the proposed equations of motion.

6. Omission of the force arising from acceleration of the
Mlected mass is not serious for beam-loading coeilicients
larger than unity and results in a hirge reduction in the work
required for each solution.

LANGLEY AERONAUnCAL LABORATORY,
NATIONAL ADWSORY ComnmD FOR AERONAUTICS,

LANG~DY IWILD, VA., June %, 1962.
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APPENDIX A,

WATER RISE ON A RECTANGULAR FLAT PLATE

As has been mentioned in this report, ref&nce 13 shows
the water rise at the keel of an impacting ‘body to be rela-
tively insensitive to flighbpath angle and thus capable of
being evaluated from planing data. Siice such data are
most conveniently analjzed in teqns of “thewetted length of
the body (1in fig. 1) and since this analysis is based Orithe
draft z with respect to the undisturbed water surface, the
relation between these two quantities must be obtained.
This relation is expressed by the equation (see fig. 1)

2=1 sin r—r (Al)

where r is the water rise at the keel.’
Several papers about planing discuss this phenomenon of

vmter rise at the.keel in connection with steady motion and
reference 13 discusses it in connection with motion of the
peak-pressure line duriqg impact. A theoretical solution by
Wagner (ref. 10) for the two-dimensional planing flat plate
predicts Mnite water rise for the ideal case, in which gravity
and viscosity are neglected. I?laning data from references
17 to 19 show the increase in wetted length due to water tie
X’—A to be a more or less constant fraction of the hull beam,
with only a small variation due to changes in trim. At low
lengti-beam ratios ~ residt is more or less in agreement
with Wagner’s theory for planing, but it would not be in
agreement for impact, as indicated in reference 13. This
reference shows an qected gradual transition from no water
rise at the instant of water contact to some constant value
for the hull tested at ratios of wetted length to beam greater
than 1.5. The rise variation of reference 13 is not used in
this report, however, since it ‘is based on the peak-pr-we
Iocntion and not on the measured wetted length. The fol-
lowing system is therefore used for the flat plate. The case
of a hull with dead rise is not covered be~use of a lack of
sufficient information on water rise at the keel in planing.

The assumption is made, as” in reference 13, that the water
rise at the keel for a two-dimensional flow about an impacting
plate of tite width is independent of the @gh&path angle
and iz proportional to the draft; thus

r=cz (A2)

where r is the rise and C is the constant of proportionality.

In nondimensional form this becomes

where k=-
bs; .

is the length-beam ratio below the, undist-

urbed water surface for a flat plate. For three-dimensiond
flow about ylates with a very small ratio of wetted length
to beam, equation (A3) would also be applicable. However,
as the length-beam ratio increases, this piled-up water should
be relieved through flow around the sides of the model.
Thus, some form of correction for three-dimensional flowj(~)
is required to reduce the-rise for high length-beam ratios, as
follows:

;=UXf (x) sin T .(A4)

A correction for three-dimensional flow which fits the ond

points, reducing equation (A4) to equation (A3) at small
lengfi:beam ratios and to a constant value at large length-
beam ratios, is Pabst’s correction (eq. (4) in the body of tho
report) applied to the inverse hydrodynamic aspect rntio.
Substituting this correction into equation (A4) gives

(A6)

The effective ratio of wetted draft to beam (see fig. 1) is
therefore

z+r z
b ()

—= T+@ ; sin T (At3)

Site A=* and h’= ~z~~~-J the effective ratio of wetted

length”to beam is

“=X[’+C4)I (A7)

b average value of 0.4 for O was obtained from the experi-

mental planing data in references 17 to 19. Figure 6(a) is m

plot of equation (A7) based on this value of 0, and figure

dh d~,
6(b) is a plot of the slope of this curve, or —=—

dh’ d~’, ‘ainst ““
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APPENDIX B

SUGGESTED COMPUTATIONAL

This section gives suggested computational methods to
facilitate calculation of loads and motions during free-body
impacts of a prismatic form experiencing appreciable chine
immemion. These methods are based on a solution of the
equation of motion which takes into account water rise at
tho keel, neglects the acceleration of the virtual mass, and
neglects the effects of flight-path angle on water rise at the
keel and on the normal-forw coefficient. As a result of these
omissions, the effects of which are small at the higher beam
loadings, this solution is considered applicable only to those
cases for which the beam-loading coeflkient exceeds unity.
This applicability is also restricted to drafts for which the
leading edge of the prismatic surface has not penetrated
beneath the water surface.

The overall computational procedure is subdivided into
~our less-general procedures to increase the utility of the
solution. The tit of these treats smooth-water ladings of
prism~tic bodies approximating V-sections and makes use of
computational charts covering specitlc angles of dead rise of
O“, 10°, 20°, and 30° and certain fixed trims. The second
proecdure applies to the same bodies for all practical angles
of dead rise and tied trims but requires more work for each
solution. The third procedure covers prismatic bodies of
arbitrary shape but requires experimental data horn planing
or drop tests. The fourth procedure accomplishes a conver-
sion from smooth-water to rough-water.landings. Explana-
tion of symbols is given in the list of symbols following the
introduction and in figure 1.

PEOCEDURE I-SMOOTH-WATER LANDINGS OF A PRISMATIC BODY
HAVING A CROSS SECI’ION APPROXIMATING A V-SHAPE WITE A DEAD-

RISE ANGLE OF W. 10°, ~“, OR .30” AT ONR OF SEVERAL FIXED TRTMS

1. 0bt8in a value of Kfrom figure 4 through use of appro-
priate values of initial fight-path angle YOand trim 7.

2. Select several values of the vertical-velocity ratio iJ&
between 1 and —1 and, with the value of K,obtain a value
of Q from figure 5 for each value, of i/&

3. Compute a value of k for each value of Q from the

equation k= – CAQ, where CA=% wd is defined ss the

beam-loading coe5cient.
4. Obtain values of the ratio of norm~ draft to beam

~’,lb for each value of k from the curve for the appropriate
values of r and average angle of dead rise P in figure 7.

5. Obtain a value of J for each value of t’,/b for the appro-
priate values of ~ and /3in figure 8.

6. Calculate a value of the nondimensional acceleration
2b/zo2 for each combination of 2/& and ~’,/b through substi-
tution of the appropriate quantities into the equation -

@l)

PROCEDURE

..

7. Plot the load factor n{.= —~ and the verti~ veloci~ .j

against the ratio of normal draft to beam ~,/b.
8. Repeat s~ps 1 to-7 for several other values of 70 and r,

covering the range of interest.
(nfJ= W

9. compute du~ of CL= from the maximuma.
~ ~2 V02

values of %W obtained from the curves obtained in step 8
and plot CLagainst y. for various values of r. The resulting
curves may be used as_designcurves.

10. Compute values of draft-beam ratio z/b from “the

equation

r’. A
~=—— Cos T
bbh’ (332)

where X/X’ is obtained from iigure 6(a) for ~= 0° and is taken

asunityfor P210°. For the case where p= 0°, A’=*.

11. For calculation of structural response, the time varia-
tion from ivater contact through exit may be found by in-
cremental graphical @tegration of the equation

where V. is the initial resultantvelocity at water contact.

The first integral gives the @e to some point prior to maxi-

mum draft, the second includes mminmrn draft, and the

third covers the remaining time to exit. Although the fit

and third integrals give the time as a function of draft and

the second gives it as a function of vertical velo&ty, the

previously derived relationships between draft, Tertid

velocity, and load factor allow the time histories of all of

these quantities to be computed.

PROCBDURB2-SMOOTH-WATER LANDINGSOF A PRISMATIC BODY
HAVINGA CROSSSECTIONAPPROXIMATINGA V-SHAPEWITE ANY

DEAD-RISEANGLq AT ANYTRIM

1. Select a series of several vahm of the ratio of no~al
draft to beam ~,/b and compute values of mJPb2 from the
equations

.
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where

f@)=$–1

and a value of B is obtained from figure 3 by means of the
average angle of dead rise B.

2. Obtain a value of A’ for each value of {’,/b selected in
step 1 by means of the equations

(B3)

()y
“=’Q”’[%-%]“>OO;%=+>%)‘5)

and substitute these values of h’ into figure 2 to obtain
values of fp(x’).

3. Obtain values of dr~/G?~,from figure 6(b) for each value
of >’ for caseswhere 0°s ~<lOO. For cases where ~Z 10°,
G?~,/d~,is taken equal to unity.

4. Combine the results of steps 1 to 3 to obtain values of
@’) mm, d~,
——
tanr ~bz ~

plot these against ~’,/it, and graphic@y

evaluate the integral

at each value of f’,[b selected in step 1.
5. Obtain a value of Q from equation (B6) for each value of

f’Jb ~h~e the bin-lo- coefficient CA=~- For each

value of Q, obtain a vtilue of the vertical-velocity ratio 2/~
from figure 5, using the value of K obtained from tigure 4 by

means of the appropriate initial flight-path angle YO.md the
value of iixed trim r.

6. calculate rL value of the nondimensional acceleration
5b/&2 for each combinatioii of i/& and ~’8/b through substitu-
tion of the appropriate quantities into the equation

(“ )
2 PO’) mm,—,$=– ;+’ C.tiTpb=

I
7.
8. -
9. Same as in procedure l.-

10.
11.

PROCEDURE3-SMOOTH-WATER LANDINGS OF A PRISMh10 BODY OF
ARBITEARY CROSS SECTION WHERE SECTION OHARAOTERISTICS

OBTAINRD FBOM EXPRFUMENTAL DATA ARE REQUIRED

This procedure is suggested as a rough approximation

only, as it has not been veriiied by experimental data,

1. Select a serk of several vrdues of the ratio of normal

draft to beam ~,/b and compute a value of X’ for each vahm

of ~’,/b, either from formulas (133) to (B5) of proceduro 2,
where 13is the average angle of dead rise, or from the equa-

tion A’ “=E where 1 is the wetted length and S is the wottod

area projected normaI to the keel. Obtain a valuo of q(~’)
for each value of k’ from figure 2.

2. Substitute data horn high-speed planing rune, vertical
drops, or oblique impacts of a heavily loaded prismatic body
with a cro,ss-secti’onal&ape similar to that of the body of
interest into the equation

mW, FMtan T
p= #)~2pb*

to obtain a value of mJpb2 for each value of .t’,/b.

1

3.
4.
s Same as in procedure 2.

6:

}

7’. - \
8.
9. Same as in procedure 1.

10.
11.

PROCEDURBL-CONv13MXONTOROUGH-wAT~RSTEP LANDINGS

Rough-water landings of prismatic bodies with any .anglo
of dead rise into waves which are long compared with these
bodies may be handled as in reference 20 by the following
procedure:

1. Determine the wave slope at the point of contact from,
reference 6, articlea 229 and 251, or from reference 20. The
most severe landings are believed to occur on tho flank of
an advancing wave, in the region of the steepest slope.

2. Rotate the space coordinate system so that the z-usis
is normal to the wave slope and compute m effective trim
with respect tQ thwe coordinate.

3. Compute the wave-particle velocity at the point of
contact horn reference 6,”articles 229 and 251, or from ref-
erence 20, subtract this velocity vectorially from the hull
velocity, and compute an effective flight-path angle from
the resultant velocity with respect to the new coordinates.

4. using thess effective values of trim and initial flight-
path angle, continue as in smooth-water cases outlhmd in
procedures 1, 2, and 3.
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